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ABSTRACT 
Schorr, Julia, M.A., Spring 2016                                                                                 Anthropology  
Utilizing Craniometrics to Examine the Morphological Changes to Homo with the Advent of 
Processing of Food by Cooking 
Chairperson: Dr. Randall Skelton  
  This thesis examines the extent to which the development of cooking by early humans 
contributed to morphological changes in the human skull, hypothesizing that the cooking of food 
by early humans had a direct effect on human evolution, leading to smaller face shape, larger 
body size, and larger brain development, which can be measured in the skull using craniometrics. 
Beginning with Homo erectus around 1 million years ago, early humans began cooking food. By 
beginning the process of physical and chemical breakdown of food prior to consumption, 
humans were able to better access calories and nutrients already found in their food and 
maximize their use in the body. This shift in eating method allowed for the overall size of the 
digestive tract to shrink, allowing for excess nutrients and calories to be redirected to the brain, 
causing total brain size to dramatically increase. The decreased emphasis on chewing also 
allowed muscles of the face associated with mastication to shrink, thus influencing the bone 
structure of the skull.  
  Established craniometric points of the skull were used to measure morphological changes in 
seven species; Paranthropus boisei, Homo habilis, Homo erectus, Homo heidelbergensis, Homo 
neanderthalensis, Early Modern Humans, and modern Homo sapiens. Odontometrics for each 
individual were also taken to determine whether cooking affected overall tooth size as well as 
skull morphology. Several craniometric measurements found at muscle attachment site used for 
mastication indicate high levels of dissimilarity between individuals of different species. 
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CHAPTER 1 
INTRODUCTION 
The cooking of food prior to consumption is a practice solely found in humans within the 
animal kingdom. The practice is utilized universally by every culture in the world, though 
techniques used during the process are versatile and distinctive. The practice of cooking likely 
began with Homo erectus in Africa around a million years ago, but possibly as early as 1.7 
million years ago (Beaumont 2011; Berna et al. 2012; Anton 2003). Determining an accurate 
time frame for the advent of fire control has proved difficult since evidence of fire in the 
archaeological record does not typically preserve well.  
By cooking food, early humans were able to break down tough physical and chemical 
bonds in food, making them not only safer to eat, by denaturing toxins and killing bacteria, but 
by also making food softer. Softer foods require less chewing, allowing more food to be eaten in 
a shorter amount of time, while also making enzymatic breakdown in the gut less strenuous. 
Cooking thus allows for more nutrients to be extracted from food in less time, and the easier 
digestion process allows the digestive tract, a metabolically expensive organ system, to decrease 
in size. The Expensive Tissue Hypothesis put forward by Richard Wrangham et al. (1999), 
theorizes that this diversion of calories away from the digestive system allowed energy to be 
redirected to the brain causing a dramatic increase in brain size that is first seen in H. erectus 
(Wrangham et al. 1999).  
The cooking of food affects other areas of the body as well, including morphology of the 
skull. Softer foods are easier to chew and so require less muscle strength to physically break 
down before swallowing. Muscles with less inherent strength are considerably smaller and so 
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require much smaller muscle attachment sites on bones, causing the skeleton to become more 
gracile than robust. These morphological changes can be seen in fossilized remains of early 
hominins and their evolution through to modern day Homo sapiens (Rightmire 1998; Anton 
2003; Rosas and Bermudez de Castro 1998).  
HYPOTHESIS 
This thesis examines whether the development of cooking in early Homo species 
contributed to changes in morphology over the course of evolution by examining the 
craniometrics and odontometrics of different species throughout the evolution of modern 
humans. It is hypothesized that the development of cooking by early humans created distinct 
morphological changes to the skull and dentition that can be quantified between species that 
predate the advent of cooking and those that postdate cooking. This hypothesis will be tested by 
constructing PCA scatterplots, dendrograms, and independent sample t-tests of relevant cranial 
measurements. Support of the hypothesis will be represented by clustering in the scatterplots and 
dendrograms between species that either predate or postdate cooking traditions, while t-test 
results should show significant levels of statistical difference between the two groups in regard to 
specific areas of morphological change. Morphological changes to be examined will be those of 
the skull and dentition. The processing of food prior to consumption alters the physical and 
chemical structure of the food, changing how the nutrients and calories are then absorbed by the 
body. If cooking contributed to human evolution, statistical analysis of craniometrics and 
odontometrics should show a progression of evolution from the more primitive species into more 
modern groups.  
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By analyzing cranial and odontometric measurements individually, it can be determined 
which traits show high degrees of statistical variance between cooking and non-cooking groups, 
giving an idea about which areas of the skull were most affected by the switch from raw to 
cooked food. Expected results include a decrease in the size of muscle attachments associated 
with chewing, as well as a shrinking of tooth size, since softer foods will be able to be effectively 
masticated by smaller dentition. While human evolution cannot be solely accounted for by 
cooking, this thesis will examine in which ways cooking did work to push our species towards 
the more modern form we now find. Craniometric measurements found in Standards for Data 
Collection and the Howells data set were used to compare morphological changes over time 
between species (Buikstra and Ubelaker 1994; Gould 2006; Howells 1973). Data from these two 
sources has proved to be reliable in the literature when examining morphological differences 
between populations of varying similarity. 
OUTLINE OF THESIS 
Chapter 2 is an examination of recent literature as it relates to the hypothesis. The 
literature review begins with a brief survey of the seven species represented in the study and 
examines when they lived, what environment they occupied, and an overview of body 
morphology. The next section examines the interpretation of diet and subsistence pattern of each 
species from the archaeological record and how it may have changed over time. Early evidence 
of fire in the archaeological record is discussed next, followed by how cooking food changes the 
physical and chemical integrity of food. The impacts of cooking on evolution are then explained, 
showing how processing food may have altered the course of our evolution. Finally, a brief 
history of craniometrics will be discussed in order to understand how and why the practice first 
appeared, what it was initially used for, and how it is used in research today.  
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The University of Montana’s physical anthropology lab provided access to the bulk of the 
skeletal materials for this project. The modern human sample consists of skulls sourced from the 
contemporary portion of the skeletal collection, and a majority of the fossils used are casts of 
finds currently housed in other institutions. Three samples were printed using the 3D printer in 
the Mansfield Library on the University of Montana’s campus. Demographics of each individual  
are found in Chapter 3, including where and when each fossil was recovered and its age. Details 
of the craniometrics performed on each individual are detailed in Chapter 4, along with 
information on the statistical analysis that was implemented with the data. 
Chapter 5 provides the results of statistical analysis done on each individual, with 
analysis being broken down into an examination of all measurements for each individual, 
measurements of only the crania, measurements of only the mandible, and odontometric 
measurements. Independent Sample T-tests were run on individual measurements to determine if 
specific areas of the skull and teeth experienced pronounced morphological shift between species 
that practiced cooking versus those that did not.  
Discussion of the findings can be found in Chapter 6. The evaluation of the findings 
closely examines the results of the statistical analysis of the whole skull, crania, mandible, and 
teeth to determine the morphological changes that occurred both overall, and on individual areas 
of the skull. Individual cranial measurements were analyzed separately to determine if 
morphological changes between cookers and non-cookers were simply the result of decreasing 
robustness or if there was statistical significance in specific areas of change. The discussion 
chapter concludes with an address regarding several unexpected results discovered during 
analysis. 
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Chapter 7 summarizes the previous chapters and addresses the research limitations of the 
project. The conclusion also includes recommendations on areas of future study before offering 
final conclusions. 
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CHAPTER 2 
LITERATURE REVIEW 
There has been much disagreement and debate over when humans and their ancestors 
first developed the skill to control and use fire towards their benefit. Some recent research 
suggests that Homo erectus may have first started using fire over a million years ago (Beaumont 
2011). This estimate is far beyond the previous estimates of 790,000 years ago and would put the 
evolutionary mechanics that led to modern humans beginning much further back in time than 
previously thought.  
SPECIES OVERVIEW 
 Paranthropus boisei and Homo habilis which existed synchronously between 2.3 and 
1.65 million years ago, lived prior to the development of fire technology, and inhabited an 
environment comprised mainly of grasslands across Africa (Ungar et al. 2006; Cerling et al. 
2011). P. boisei, also sometimes referred to as both Australopithecus boisei and Zinjanthropus 
boisei, was first discovered in 1955 and lived between 2.3 and 1.2 million years ago in eastern 
Africa (Constantino and Wood 2007). The majority of the skeletal material recovered is cranial, 
giving researchers a fairly good understanding of the morphological variation of the teeth and 
skull (Constantino and Wood 2007).  Compared to other hominin species, P. boisei has several 
distinct features that set it apart from its contemporaries and distinguish it from the ancestral line 
that eventually gave rise to humans (Constantino and Wood 2007). The anterior teeth, in 
proportion to the posterior teeth, are very small, while the posterior teeth are large in proportion 
to the skull (Constantino and Wood 2007).  The large posterior teeth result in the mandible 
7 
 
having to be both deep and wide in order to support the roots for the megadontia (Constantino 
and Wood 2007).   
 P. boisei possesses a relatively orthognathic facial profile, partially due to the large size 
of the mandible, as well as a high degree of post orbital constriction (Constantino and Wood 
2007). Because a large portion of skeletal material attributed to P. boisei consists of isolated 
crania, it has been difficult for researchers to definitively assign postcranial material that has 
been recovered that is unassociated with a cranium (Constantino and Wood 2007).  Currently, 
the majority of P. boisei postcranial material has only been loosely assigned to the species and is 
generally assigned by comparing it to skeletal material of Homo habilis, which is more closely 
related to modern humans (Constantino and Wood 2007). Future discoveries of associated 
cranial and postcranial material that can definitively be assigned to P. boisei would greatly 
improve the ability of archaeologists to more accurately determine the taxa of contemporaneous 
species.  
Because of the limited amount of associated postcranial materials, it is difficult to 
determine what type of locomotion, posture, or dexterity P. boisei may have had, though 
positioning of the foramen magnum on the base of the cranium suggests that they moved 
bipedally, similar to modern humans (Constantino and Wood 2007). By examining the 
relationship of known body size and skeletal size of modern humans and apes at death, McHenry 
(1992) estimates that P. boisei males may have weighed around 49 kg and females around 34 kg, 
making the proportion of body size dimorphism between the sexes slightly less pronounced than 
in A. afarensis.  
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First discovered in 1960 by Louis Leakey, H. habilis lived in eastern and southern Africa 
from 2.4 to 1.4 million years ago (Leakey et al. 1965; McHenry and Coffing 2000). It has been 
argued that H. habilis should be reclassified as belonging to the Australopithecine genus rather 
than Homo due to the retention of various primitive traits not normally associated with later and 
modern Homo species (McHenry and Coffing 2000). Leakey’s decision to classify the species 
into the Homo genus was based largely on the proportionate size of the brain to the body and to 
the relative size of the teeth compared with Australopithecines (1965). H. habilis maintains other 
primitive features, notably in the arms, shoulders, and legs. The forearms and humerus of H. 
habilis are morphologically similar to those of Australopithecus in that they are generally shorter 
and more robust to enable better tree climbing and brachiation (McHenry and Coffing 2000). 
The relative length of the femur is similar to that of earlier hominin species; however the 
horizontally positioned talar facet indicates that H. habilis was bipedal (McHenry and Coffing 
2000).  
The strongest features of H. habilis supporting its classification as belonging to genus 
Homo is the decrease in its masticatory system, a feature shared with all members of genus 
Homo, and its larger proportion of brain size to body size (McHenry and Coffing 2000). Tooth 
size proportion is measured using a megadontia quotient (MQ) with modern hominins having an 
MQ of 1 (McHenry and Coffing 2000). The MQ of P. boisei is rated as 2.7, one of the largest 
tooth to body size ratios, while H. habilis had an MQ of 1.9, which while still large, is a 
considerable decrease from earlier species and closer to that of later hominins (McHenry and 
Coffing 2000). When compared to species of similar body size, H. habilis has a much larger 
brain in proportion to its overall body size and an encephalization quotient that is higher than 
even later members of Homo (McHenry and Coffing 2000). The reduction in tooth size and 
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increase in brain size is observable between earlier members of the species and suggests that the 
morphological changes continued to progress towards being more modern for the duration of H. 
habilis’ existence. 
Grabowski et al. (2015) expanded on earlier work by McHenry (1992) and used a 
calibration approach to estimate the body mass of fossilized hominins by comparing samples of 
known body mass to those of unknown body mass. The original body mass estimation of H. 
habilis done by McHenry (1992) determined that males likely weighed around 52 kg and females 
32kg. The work done by Grabowski et al. (2015) utilizes new information collected in the past 
20 years and has determined that H. habilis males likely weighed nearer to 38 kg and females 27 
kg, making their average weight considerably smaller than previously thought. These 
measurements are based off relatively small sample sizes, since there is little postcranial skeletal 
material that can definitively be identified as belonging to H. habilis. If these estimates are 
correct, the degree of sexual dimorphism in H. habilis is considerably less than previously 
thought, and the species is roughly half the size of modern day humans.  
Initially named Pithecanthropus erectus in 1894 by Eugene Dubois, Homo erectus was 
first discovered in Java, Indonesia (Dubois 1894). H. erectus lived from 1.89 million years ago to 
143,000 years ago, making them contemporaries of modern humans for several thousand years 
before their disappearance (Anton 2003). Evidence of geographical range inhabited by H. erectus 
includes northern, eastern, and southern Africa and Asia, as far east as China and Indonesia as 
well as west, into Georgia (Anton 2003). There still exists today some debate about whether 
specimens found in Africa and Asia should be considered separate species with earlier, African 
individuals being classified as belonging to the species Homo ergaster and the Asian individuals 
remaining H. erectus. For the purpose of this study, since no definitive conclusion has been made 
10 
 
in regards to splitting the species, all members of H. ergaster and H. erectus will be termed as 
the latter.  
Dispersal of H. erectus from Africa into Asia appears to have begun soon after the 
species’ origin, predating the Acheulean toolmaking tradition (Swisher et al. 1994). This model 
is supported by the noticeable absence of stone cleavers and hand axes associated with the 
Acheulean in Asia until 1.4 million years ago (Swisher et al 1994). After the dispersal out of 
Africa, H. erectus disappeared from the African continent some 500,000 years earlier than they 
disappeared in Asia (Anton 2003). H. erectus sites in Africa date from 1.9 to 1.2 million years 
ago, with some debate about whether fossils dating to 780,000 years ago should be classified as 
belonging to H. erectus or Homo heidelbergensis (Anton 2003). Outside of Africa the oldest 
skeletal samples identified as H. erectus are from Georgia and date to 1.7 million years ago, 
while the youngest sample is from Indonesia and has been dated to being older than 100,000 
years (Anton 2003). 
Since H. erectus existed for such an extended period of time and across a wide 
geophysical range, there is noticeable variation between individuals throughout the time and 
space of its existence. Several traits, the majority of which are cranial, have been used to define a 
species-wide morphology, though it should not be expected that all individuals possess all traits 
due to variation (Anton 2003). Cranial capacity for H. erectus ranges from 700 cc (typical of 
specimens from Africa and Georgia) to 1,200 cc (found in eastern Asian individuals) with an 
overall increase in cranial capacity over time (Anton 2003). The cranium has moderate 
supraorbital constriction, low cranial vaulting, thick cranial vault bone, and an angular occipital 
region (Anton 2003). As with earlier hominin species, the presence of cranial material far out 
numbers that of postcranial materials, making an examination of body morphology difficult.  
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The upper limb of H. erectus while proportionally shorter than that of earlier Homo 
species and Australopithecines, suggesting less emphasis on brachiation, is still longer than that 
of modern humans (Anton 2003). Using limb length, Anton (2003) calculated stature and weight 
for known H. erectus individuals utilizing regression analysis. The maximum stature for an 
individual was calculated to be 185 cm, while the shortest was 145 cm (Anton 2003). 
Corresponding weights for the maximum and minimum heights were 68 kg and 45 kg 
respectively, putting these individuals well into the size range of modern humans (Anton 2003).  
Living between 700,000 and 200,000 years ago, Homo heidelbergensis was originally 
represented in the fossil record by a mandible, discovered in 1908 near Heidelberg, Germany 
(Mounier et al. 2009).  H. heidelbergensis is notable for being the first member of the Homo 
species to live in the cold climates of Europe, though the species has also been found in eastern 
and southern Africa (Mounier et al. 2009). The mandible recovered in 1908, referred to as the 
Mauer mandible, was distinguished from known mandibles of fossilized archaic humans by its 
much larger size comparatively and its distinct lack of chin (Mounier et al. 2009; Rightmire 
1998). Complete crania attributed to H. heidelbergensis gives them an average cranial capacity 
of around 1300 cc (Mounier et al. 2009; Rightmire 1998). H. heidelbergensis is distinguishable 
from H. erectus by the presence of more modern traits, while also possessing archaic traits not 
found on Neanderthals or modern humans (Rosas and Bermudez de Castro 1998). Many 
researchers believe that H. heidelbergensis is ancestral to both Neanderthals and modern 
humans, representing the last common ancestor between the two species (Rosas and Bermudez 
de Castro 1998). If H. heidelbergensis is in fact ancestral to both humans and Neanderthals, it 
seems likely that individuals living in Africa eventually gave rise to H. sapiens while those in 
Europe led to the development of Neanderthals (Rightmire 1998).  
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During the Middle Pleistocene in Europe, H. heidelbergensis became isolated from other 
populations by expanding tundra and ice sheets to both the north and east (Rightmire 1998). It is 
during this time period that the first signs of cold climate adaptations that are also prevalent in 
Neanderthals first begin to appear in the Homo fossil record (Rightmire 1998). Overall body 
shape for H. heidelbergensis in Europe begins to show the shortening of limbs and widening of 
the torso, both of which are beneficial for heat conservation in cold climate environments 
(Rightmire 1998). A fossilized cranium found in Arago, France, while damaged, shows facial 
similarities to Neanderthals including a flattened infraorbital surface of the maxilla, obliquely 
oriented zygomatics, and an inflated appearance of the nose (Rightmire 1998). Fossils from 
Africa show similarities to modern humans in the proportional size of the frontal bone, shape of 
the squamous arch of the temporals, and a divided supraorbital torus (Rightmire 1998).   
Carretero et al. (2011) used a regression model, a form of statistical analysis that 
examines the relationships between variables, to determine stature of fossilized H. 
heidelbergensis using long bones from the arms and legs collected from Sima de los Huesos, 
Sierra de Atapuerca, Spain. The H. heidelbergensis samples were compared against long bones 
from Neanderthals and modern human (Carretero et al. 2011). H. heidelbergensis is estimated to 
have stood on average at 163.6 cm tall, making them slightly taller than Neanderthals used in the 
same study and slightly shorter than modern humans (Carretero et al. 2011). Males in the sample 
stood as tall as 169.5 cm and females 155.7 cm making them above medium height compared 
with modern human populations (Carretero et al. 2011).  
H. neanderthalensis lived between 300,000 and 30,000 years ago and most likely 
diverged from H. heidelbergensis (Noonan 2010). This new species soon migrated north out of 
Africa, moving into the Levant region of the Middle East and then later on into Europe (Noonan 
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2010). During this time period, Europe experienced multiple glacial maximums, making the 
continent far colder than the milder climate that would have been found in Africa during the 
same time period. Over the following 200,000 years, Neanderthals developed cold climate 
adaptations, allowing them to thrive in the harsh environment.  
Anatomically, H. neanderthalensis is more robust than modern humans, their limb bones 
are generally shorter and have thicker cortical bone making them heavier and more durable 
(Caldwell 2008). The combination of short limbs and a pronounced barrel shaped chest work to 
decrease the body’s surface area to volume ratio, making heat conservation more efficient 
(Caldwell 2008). Ruff et al. (1997) estimate that European Neanderthals were more adapted to 
cold climate living than even modern Eskimos, possibly due to the decreased emphasis they 
placed on cultural buffering against cold temperatures. Much of the excess robustness that 
Neanderthals exhibit comes from a greater musculature than is found in modern humans, along 
with a probable thick layer of subcutaneous fat (Caldwell 2008). The excess weight of both 
increased muscle mass and insulating fat would have placed stress on the skeleton, forcing the 
bone to thicken in order to support the weight, a phenomenon that has been found to occur in 
overweight modern humans (Caldwell 2008). While the Northern European populations of H. 
neanderthalensis showed adaptations to the extremes of cold climates, groups found in the 
Middle East and Levant exhibit more gracile features more similar to those of Early Modern 
Humans (Caldwell 2008).  
Neanderthals are generally referred to in early textbooks (Grabau 1921, pg 911) as being 
of fairly short height and stocky build in comparison to modern humans, with the average 
consensus falling around their being slightly above 5 feet (150 cm) tall (Helmuth 1998). Building 
off estimates done by Thoma (1995) and using the maximum length of the humerus, radius, 
14 
 
femur, and tibia, Helmuth (1998) used three regression formulas from Sjövold (1990), Trotter 
and Gleser (1952), and Feldesman (1989; 1990) on 18 individuals (45 long bones) to reexamine 
Neanderthal height. Using these formulas, Helmuth (1998) estimates that the average male H. 
neanderthalensis stood between 164-168 cm and females stood on average at around 155 cm. 
These estimates mean that Neanderthals were on average as much as six inches taller than 
described by textbooks, and likely would have been of almost equal height, if not taller, than H. 
sapiens during this same time period (Helmuth 1998). Estimations by Ruff et al. (1997) and 
Froehle and Churchill (2009) state that the average Neanderthal male weighed 76 kg while 
females weighted around 66 kg compared to the “worldwide” average weight of modern humans 
of 58.2 kg. Even after taking into account the modern day obesity epidemic, Neanderthals 
consistently are shown to have a higher estimated Body Mass Index (BMI) than modern day 
populations, which supports the theory of Neanderthal cold climate adaptations (Helmuth 1998).  
The distal teeth of H. neanderthalensis show a deviation away from the primitive form 
found in other members of Homo, including those of modern humans. The Neanderthal molar is 
what is known as a taurodont molar and is the result of the body and pulp chamber being 
enlarged vertically (Macchiarelli 2006). The thickened enamel found on the crown of the tooth 
takes much longer to wear away than the molar enamel found in other members of Homo dating 
to the same time period (Macchiarelli 2006). Furthermore, the taurodont molar contains 
secondary dentin, a harder type of dentin than that found in modern humans, which is 
additionally more difficult to wear down, giving the teeth a longer lifespan once the dentin has 
become exposed by enamel erosion (Macchiarelli 2006). While taurodontism is generally 
associated with Neanderthals, instances still appear in modern humans, most frequently in 
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individuals with Klinefelter syndrome and Down’s syndrome (Komatz et al. 1978; Bell et al. 
1989). 
There is still much disagreement in the anthropological world on which species 
represents the last common ancestor between H. neanderthalensis and H. sapiens. A 1997 paper 
published in Science suggested that recent hominin fossils found in Atapuerca, Spain, dating to 
780,000 years ago, represented a new species, Homo antecessor, which was ancestral to H. 
sapiens (Castro et al. 1997). This assumption put forward that H. heidelbergensis was ancestral 
only to H. neanderthalensis and was not part of the lineage of modern humans (Castro et al. 
1997). This theory has since met with criticism, largely because of the six individuals recovered 
from the site in Spain; four represent children and so do not characterize adult morphological 
traits. Adult individuals from the Atapuerca site had a cranial capacity of 1000 cc, much lower 
than that of both H. heidelbergensis (1300 cc) and modern H. sapiens (1350 cc) suggesting that 
H. heidelbergensis was more closely related to modern humans than H. antecessor (Castro et al. 
1997). Furthermore, stone tools recovered at the Atapuerca site are part of the Oldowan tradition 
of toolmaking, while H. heidelbergensis used the more developed Acheulean tradition (Parfitt et 
al. 2005; McNabb et al. 2004). Some researchers theorize that H. antecessor may be a subclade 
of H. heidelbergensis, an ancestral species of H. heidelbergensis, or not a separate species at all. 
This issue would benefit tremendously from DNA analysis, however DNA for H. 
heidelbergensis and H. antecessor is limited and has not yet solved how the two species may be 
related. 
Anatomically modern humans appear in sub-Saharan Africa in deposits that date to 
between 104,000 and 196,000 years ago (Trinkaus 2005). The earliest members of H. sapiens, 
while anatomically modern, were more robust than modern day populations and so are referred 
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to as Early Modern Humans, and include the subspecies Homo sapiens idaltu and Homo sapiens 
sapiens. The Early Modern Human group for this study will include individuals that are dated 
from the emergence of H. sapiens until the end of the last Ice Age. There is evidence from a site 
in Qafzeh, Israel of early expansion out of Africa by Early Modern Humans around 90,000 years 
ago during a warm climate phase, however, the return of the colder climate with increasing 
glacial activity would have forced these groups to either retreat back to Africa or die out 
(Trinkaus 2005; Tillier 1999).  
Between 65,000 and 40,000 years ago, there was a mass expansion, dubbed the Great 
Expansion, by H. sapiens out of Africa and into the Old World (Henn et al. 2012). Populations 
outside of Africa underwent a genetic founder’s effect, causing populations in Africa to retain 
high levels of genetic variants not found outside the continent, while those outside of Africa 
show reduced genetic diversity (Henn et al. 2012). The spread of Early Modern Humans across 
Europe and Asia brought them into contact with Neanderthals, who had previously been the sole 
occupants of these landscapes for roughly 200,000 years (Henn et al. 2012). Modern humans and 
Neanderthals co-existed in Europe for around 20,000 years before Neanderthals eventually went 
extinct. Recent sequencing of Neanderthal DNA has shown that during this 20,000 year period of 
cohabitation, Early Modern Humans and Neanderthals interbred with one another (Plagnol and 
Wall 2006; Currat and Excoffier 2011). The Neanderthal DNA contribution to modern humans is 
found in all populations outside of Africa and constitutes between 1-4% of the modern genetic 
code (Plagnol and Wall 2006; Currat and Excoffier 2011). 
Though H. sapiens emerged in Africa roughly 150,000 years ago, they can be broken 
down into two separate groups. Early Modern Humans, at one point referred to as Cro-Magnon, 
are those that existed up until the end of the last glacial ice age, around 10,000 years ago (Fagan 
17 
 
1994). Early Modern Humans are distinguished by their increased robusticity and retention of 
more archaic traits such as large brow ridges and facial prognathism that can be seen in earlier 
Homo species (Fagan 1994). More gracile humans arose around the same time ice age 
megafauna disappeared. Post-glacial modern humans transitioned from the earlier big game 
hunting subsistence to small game, and eventually began to domesticate plants and animals, 
leading to the development of sedentary lifestyles (Fagan 1994). 
Mummert et al. (2011) reviewed a number of studies, looking for consensus on how 
height and robusticity is affected by the transition from hunter/gatherer subsistence to 
agriculture. Fourteen of the studies concluded that the transition from hunting and gathering to 
agriculture resulted in an overall decrease in stature in populations found around the world 
(Mummert et al. 2011). Two additional studies found no change in stature over time while an 
additional unspecified number of the studies found an increase in stature as a result of the 
agricultural transition (Mummert et al. 2011). Changes to robusticity proved to be less 
conclusive with seven studies finding an increase in skeletal robusticity as agriculture spread, 
and three finding the opposite (Mummert et al. 2011). Skeletal robusticity is highly influenced by 
activity and Mummert et al. (2011) theorize that the inconclusive changes to robusticity may be 
the result of increased labor needed to tend fields while simultaneously, humans moved out of 
the more rugged environments into gentler areas more suited to farming creating a balance 
preventing overly robust features from developing.  
SPECIES DIET AND SUBSISTENCE 
By being able to alter the physical and chemical properties of a food source, early Homo 
was able to broaden the types of food available for consumption. Foods that were previously too 
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difficult or toxic to eat became edible with the advent of cooking, increasing the availability and 
variety of accessible foods. By using direct analogy with existing populations and inferring 
potential foods from paleoenvironmental indicators and archaeological remains, archaeologists 
can attempt to reconstruct the likely diets of early Homo and compare it to the diets of later 
species (Ungar et al. 2006).  
As early as 2.6 million years ago hominins were using Oldowan tools to process 
vegetation and meat (Ungar et al. 2006). Until fairly recently, the size of P. boisei’s teeth and 
mandible lead scientists to assume that the majority of their diet consisted of seeds, nuts, and 
hard fruits (Lee-Thorp 2011). However, recent Carbon-13 (13C) analysis and morphological 
studies on P. boisei suggests that their diet consisted of largely subtropical C4 plants, or animals 
that consumed C4 plants (Cerling et al. 2011; Lee-Thorp 2011). This theory is supported when 
considering the robustness of their jaws and teeth, and dental wear analysis indicates that they ate 
mainly tough, fibrous plants such as grasses (Cerling et al. 2011; Lee-Thorp 2011). Recent 
discoveries of stone tools dating to 3.3 million years ago shed doubt on this theory that the robust 
Australopithecines subsisted solely on grass (Harmand et al. 2015). These new finds suggest that 
early hominins may have had a more varied diet than previously thought, perhaps even one 
consisting of meat (Harmand et al. 2015). However, since teeth are adapted to process a species 
fallback food, it is likely that tropical grasses were an important component of their diet, along 
with meat. 
In early Homo, however, there is evidence that the spreading grasslands may have forced 
species like H. habilis to increase their consumption of meat and begin to develop hunting 
strategies (Ungar et al. 2006). Carbon isotope analysis done on Australopithecus africanus, 
Paranthropus robustus, and early Homo from the same time and area reveals similar isotopic 
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levels, however archaeological evidence, dental microwear patterns, and masticatory anatomy 
differences support the theory that early Homo obtained comparable 13C levels through 
consuming animal protein, rather than obtaining 13C directly from plants (Sponheimer et al. 
2013). Recent taphonomic analysis of faunal bones at the BK site in Olduvai show evidence of 
butchery by early humans, with a large number of cut marks being found at areas of muscle 
attachment as well as evidence of marrow extraction (Dominguez-Rodrigo et al. 2009). The 
presence of small, medium, and large faunal species indicates that active hunting was being 
utilized, since most small and medium sized prey would generally not be considered worth 
scavenging (Dominguez-Rodrigo et al. 2009). Increased meat consumption may have influenced 
the development of brain size in H. habilis due to the increase of available calories and protein 
that quickly became an essential part of their diet (Ungar et al. 2006). The decreased dependence 
on plant foods would have also allowed for an overall decrease in gut size, an expensive bodily 
system, which would have allowed for extra calories to be rerouted toward increased brain 
development (Ungar et al. 2006).  
The diet of H. erectus would have been far more varied than that of earlier Homo species 
due to the simple fact the H. erectus was the first member of the genus Homo to leave Africa, 
spreading as far as the Middle East and China. Comparisons of dental morphology of H. erectus 
to earlier Homo shows a decrease in overall size of the molars, indicating a decrease in the 
importance of chewing (Ungar 2012). The decreased emphasis on chewing could likely be the 
result of an increase in food processing prior to consumption by using both tools and cooking 
techniques (Ungar 2012). By pre-processing food before eating, jaws and teeth are not required 
to be as large in order to break down physical barriers to provide access to calories (Ungar 2012). 
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Due to the small sample sizes for early Homo species, diet reconstruction is difficult and should 
remain open to interpretation and revision. 
 H. heidelbergensis show the earliest evidence of participating in the type of big game 
hunting practices that are usually associated with archaic humans in Europe. A Paleolithic site 
located in a brown-coal cave outside the town of Schöningen, Germany yielded the oldest known 
composite wooden tools discovered to date, comprising short wooden tools (170-320 mm) with 
diagonal cuts running the length of the tools that were likely used for hafting flint tools or flakes 
(Thieme 1997). Spears found at the site are made of whole spruce trees, and are modeled 
similarly to modern day javelins, suggesting they were used for throwing rather than thrusting, 
with each measuring around two meters in length (Thieme 1997). Using the sedimentary 
sequence of the cave, which is comprised largely of glacial soil, the spears are estimated to be 
around 400,000 years old (Voormolen 2008). The previously oldest known spear was likely used 
as a thrusting weapon and was discovered in Lower Saxony, Germany in 1948 and dates to 
125,000 years ago (Tieme 1997). The spears and wooden tools were found associated with 
butchered faunal remains, some 10,000 bone fragments in total, that represent red deer, straight-
tusked elephant, rhinoceros, bear, and horse, along with other small mammal bones (Voormolen 
2008).  
The majority of European Lower Paleolithic sites show that archaic humans during this 
time period subsisted largely on meat, specifically from big game animals (Starkovich and 
Conard 2015). Until the last few decades it was theorized that early humans during this time 
obtained the majority of their meat by scavenging from other carnivores (Starkovich and Conard 
2015). Recent discoveries however, illustrate that butchery sites associated with H. 
heidelbergensis show little evidence of carnivorous tooth marks, either below or on top of, marks 
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made by stone tools (Starkovich and Conard 2015). Rare instances of bone bearing both cut 
marks and carnivore bite marks, show that the tooth marks overlay those made by stone tools 
indicating that in fact carnivores were scavenging hominin kills, not the inverse (Starkovich and 
Conard 2015). Furthermore, many of the cut marks associated the H. heidelbergensis butchery 
are found on or near sites of ligament attachment, suggesting a familiarity with anatomy that is 
generally associated with hunting rather than scavenging practices (Starkovich and Conard 
2015). The distinct lack of evidence in the archaeological record to date, suggests that H. 
heidelbergensis subsisted largely on meat, eating very little in the way of plants. However, as 
will be discussed later, H. neanderthalensis, which lived in Europe shortly after H. 
heidelbergensis, subsisted on big game meat as well as plants, and it is likely that the two species 
would have shared a similar diet given their close existence in both time a place. The absence of 
evidence that H. heidelbergensis ate no plant material does not necessarily make this a true 
statement.  
Modern humans’ only confirmed contemporary hominin in Europe was H. 
neanderthalensis which is thought to be a sister species to H. sapiens rather than being ancestral, 
and the two species shared a geographic environment starting at around 50,000 years ago with 
the beginning of the human exodus from Africa. The diet of the Neanderthal has been debated 
among archaeologists, some claiming that their major food resource was big game with little in 
the way of plants and marine life, while others argue the opposite and that their foraging patterns 
were similar to those of humans who lived in Europe and Asia at the same time (Henry et al. 
2011).  
There is evidence that Neanderthals cooked their food prior to eating it based on the 
discovery of hearths and burnt material at various sites (Henry et al. 2011). The majority of 
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evidence for Neanderthal plant consumption is found in the Near East and consists of date palms, 
various grasses, legumes, acorns, and pistachios (Henry et al. 2011). The examination of dental 
calculus by Henry et al. (2011) looked at the plant microfossils trapped in the calculus of 
Neanderthal teeth to determine what types of plants, if any, were a part of the Neanderthal diet. 
Teeth from two sites in Belgium, totaling 4 teeth, and 3 teeth from a site in Iraq were used for the 
study. From the Iraqi site a variety of grass seeds were found within the calculus as well as other 
unidentified starches that showed signs of having been cooked (Henry et al. 2011). The samples 
from Belgium contained microfossils from a variety of grass species as well as several 
unidentified samples (Henry et al. 2011). The two individuals from the Belgian sites had the 
same plant microfossils in their calculus, suggesting that there were several plant species that 
were a common part of the Neanderthal diet (Henry et al. 2011). The Belgian and Iraqi samples 
cover a wide environmental range that was inhabited by Neanderthals, and the presence of plant 
microfossils in the teeth from individuals at both locations suggests that while Neanderthals may 
not have eaten the same variety or amount of plants as other hominins or humans, plants were 
undeniably a part of their diet and cooking methods were used to process some of these plants 
prior to consumption (Henry et al. 2011).  
Isotopic analysis done on Early Modern Humans shows that populations living in Europe 
around the same time as Neanderthals exhibit nitrogen isotope levels consistent with their eating 
fresh water fish or marine seafood as a primary source of protein, while data for Neanderthals 
shows high levels of isotopes consistent with protein derived from big game animals, with some 
sites also supporting the exploitation of marine foods (Richards et al. 2009). This interpretation 
was reached after comparing the isotopic levels to those of Mesolithic fishing populations found 
in Eastern Europe (Richards et al. 2009). Isotopic results taken from two coastal populations 
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dating to the Mid-Upper Paleolithic reveal that as much as 20-30% of dietary protein came from 
marine animals (Richards et al. 2009). The presence of big game skeletal assemblages mixed 
with small animal and fish remains at Early Modern Humans sites suggests that H. sapiens was 
better able to adapt to eating a wider variety of food in Paleolithic Europe than Neanderthals 
during coexisting occupation of the continent (Richards et al. 2009). This observation is further 
supported by an isotopic analysis of fossils from China dated to 40,000 years ago that also show 
high levels of freshwater and marine protein consumption in Early Modern Humans (Hu et al. 
2009). 
Prior to 30,000 years ago, evidence for plant consumption by Early Modern Humans and 
Neanderthals is fairly limited since isotope analysis cannot distinguish between plant and animal 
contributions to isotope levels in omnivores (Henry et al. 2014). Because Early Modern Humans 
and Neanderthals inhabited so many diverse ecosystems, access to edible plants would have 
varied considerably from location to location, making it likely that some populations consumed 
more plant matter than others throughout time. Early Modern Humans plant consumption was 
examined by testing the dental calculus of populations from the Middle and Upper Paleolithic in 
Africa, Europe, and the Near East as well as examining residue found on stone tools from the 
sites (Henry et al. 2014). Several of the African sites show dietary overlap between the 
populations with remnants of a variety of grass starches being found in the dental calculus 
(Henry et al. 2014).  The Skhul Cave site in the Near East shows considerable evidence of 
processing of plant matter with stone tools and included a more varied number of plant species, 
such as date palms and grasses, which showed signs of having been cooked (Henry et al. 2014). 
While the Upper Paleolithic European site had considerably less preservation than those from 
Africa and the Near East, plant microfossils were discovered in both the dental calculus and on 
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stone tools representing various grasses and seeds from Triticeae indicating that plants were a 
part of the diet (Henry et al. 2014). Increasing levels of dental caries in non-agricultural 
populations further illustrates the importance of wild plants with high amounts of fermentable 
carbohydrates, which are a leading cause of dental disease (Humphrey et al. 2014). 
 The Neolithic Revolution saw an explosion of technology and culture, starting in the 
Near East for H. sapiens and marks the transition of Early Modern Humans into the 
contemporary populations still found today (Hole 1984). During this time period, the human diet 
began to move away from that of hunting and gathering as wild plants and animals underwent 
genetic selection driven by human need into the domesticated varieties that are now 
commonplace in the modern world (Hole 1984). Domesticated plants provided a more reliable 
source of food for Neolithic populations; however they also required more care, requiring people 
to develop permanent settlements and abandon previously nomadic lifestyles (Hole 1984).  
 The dramatic shift from hunter/gatherer subsistence to agriculture changed the diet of 
modern humans. The majority of calories no longer came from meat, but instead came from 
fermentable carbohydrates and eventually dairy, the variety of foods decreased as well, leaving 
modern humans with comparably monotonous diets to those of Early Modern Humans (Adler et 
al. 2013). The increased consumption of fermentable carbohydrates is associated with higher 
rates of dental caries and periodontal disease in Neolithic populations than found in earlier 
hunter/gatherer groups (Adler et al. 2013). The new Neolithic diet eventually changed the 
bacterial flora found in human mouths, notably increasing the prevalence of species associated 
with arthritis, diabetes, and cardiovascular disease, causing an overall decline in health for 
agricultural populations when compared to hunter/gatherers during the same time (Starling and 
Stock 2007; Adler et al. 2013). Additionally, modern H. sapiens during this time developed a 
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variety of novel genetic variants that allowed the body to process these new foods. Amylase, an 
enzyme used to break down carbohydrates, became more prevalent in populations that relied 
heavily on starches, while lactase persistence emerged in groups with a dairy heavy diet (Lucas 
2011; Gerbault et al. 2011). 
EARLY EVIDENCE OF CONTROLLED FIRE 
Wonderwerk Cave is an early Acheulean site found in the Kalahari Desert in southern 
Africa where recent discoveries of calcined bone, ash traces, and cryptocrystalline stones 
indicate that the cave was once used as an ancient campsite (Beaumont 2011). Inside the cave are 
bands of ironstone, specifically brown jasper, which allowed archaeologists to perform 
magnetostratigraphy on the soil beneath the suspected hearth (Berna et al. 2012).  Soil samples 
immediately above bedrock at stratigraphy level 9 were dated to 2.3 million years ago and the 
oldest traces of ash and animal bone are found near the top of level 9 and are identifiable as 
white and black ash (Beaumont and Vogel 2006). Animal bones from a variety of species were 
found in every stratigraphic layer along with lithics from various traditions (Beaumont 2011). 
Magnetostratigraphic analysis was performed on soil associated with the early ash layers and 
was dated to an estimated 1.7 million years old, making it the earliest evidence for the use of 
controlled, not manufactured, fire by early hominins available to date (Beaumont 2011).  
Outside of Africa, the controlled use of fire dates to 790,000 years ago at the site of 
Gesher Benot Ya’aqov in Israel (Goren-Inbar et al. 2004). At Gesher Benot Ya’aqov the use of 
fire was inferred from the presence of burnt flint artifacts (Goren-Inbar et al. 2004). Between 
temperatures of 350 and 500 degrees Celsius, visible damage occurs to the physical structure of 
flint, causing fracturing, cracking, shrinkage, and deformation that is often visible to the naked 
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eye (Goren-Inbar et al. 2004). Flint artifacts were found in every stratigraphic level that was 
excavated at the site, and covered a time span of tens of thousands of years (Goren-Inbar et al. 
2004). Less than 2% of the excavated flint material showed evidence for exposure to 
temperatures high enough to cause visible damage, suggesting, along with the clustering of burnt 
wood fragments, that the hominins that used the site were using fire in set hearths rather than the 
flint being damaged by wildfire, which would have caused a larger proportion of the flint to 
show heat damage (Goren-Inbar et al. 2004).  
In Asia, the site of Zhoukoudian in China dates to around 500,000 years ago, and 
possibly as early as 700,000 years ago, indicating that fire technology spread fairly rapidly once 
discovered (Weiner et al. 1998; Zhong et al. 2014). At Zhoukoudian, the ancient use and control 
of fire was determined by examining a layer of soil that contained burned faunal bones (Weiner 
et al. 1998). A unique turquoise hue on the bones was recreated by heating white and yellow 
colored bones from the site to 600 degrees Celsius for 2 hours, causing the bones to darken 
(Weiner et al. 1998). When the now black bones from the site were treated a second time, they 
took on the same turquoise color as the bones recovered from the site, though researchers are still 
unsure why this unique color developed (Weiner et al. 1998). Elemental analysis of the 
Zhoukoudian hearths reveals the presence of siliceous aggregates and potassium along with 
elemental carbon, which are all produced on combustion of plant material, and provide strong 
evidence that the cave was used by H. erectus as a camp (Zhong et al. 2014). The presence of ash 
and burned bones at the site were discovered in clusters, signifying the presence of hearths rather 
than the alternative of an ancient brush fire that would leave more evenly distributed ash layers 
over larger areas (Weiner et al. 1998; Zhong et al. 2014).  
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The prevalence of controlled, intentionally made fires in the archaeological record 
becomes more and more prevalent starting around 500,000 years ago. Burned faunal remains are 
a key indicator of human occupation at Paleolithic sites. The adoption of fire likely began with 
early humans “capturing” fire from naturally occurring wild fires and bringing burning wood 
back to camps and maintaining it there, before the technology developed that would have 
allowed early humans to create fire themselves (Bellomo 1994). As early humans moved north, 
out of Africa, the ability to control fire would have been key to surviving in colder climates 
which humans were not adapted to, along with providing nocturnal protection from large 
predators (Bellomo 1994). Unfortunately, traces of fire quickly disappear from the 
archaeological record under most circumstances, making new finds rare and making it unlikely 
that the exact time frame for determining when fire became fully controlled by early humans to 
be pinpointed. 
A recent study published in Scientific Report puts forth that Neanderthals may have 
collected manganese dioxide in order to better facilitate their ability to light fires, rather than 
using the black material for cultural body decoration as was previously hypothesized (Heyes et 
al. 2016). Collecting manganese dioxide for the purpose of body decoration would have been a 
more labor intense method of procuring a similar material to the soot and charcoal that would 
have been readily available from camp fires (Heyes et al. 2016). Heyes et al (2016) conducted 
several combustion experiments and determined that by adding powdered manganese dioxide to 
fire kindling, the rate of ignition and combustion is dramatically increased. The presence of a 
variety of forms of manganese (not all of which are conducive to fire generation) at the site 
studied, further supports that Neanderthals were intentionally selecting the form of manganese 
most conducive to creating fire (Heyes et al. 2016). After the initial ability to control fire was 
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adopted, the next step for early humans would be to develop a method to create fire on demand. 
The method potentially created by Neanderthals shows an example of that next step in further 
harnessing fire technology. 
EFFECTS OF COOKING FOOD 
The relatively large body size of even early hominins would have made foraging for 
fruits and leaves in high, thin tree branches too difficult, resigning them to collect the majority of 
their food from low growing plants or collecting fallen fruit (Ragir 2000). Non-human long 
bones and antlers found associated with Australopithecines show polishing of the ends, 
suggesting their being used as digging sticks for wild tubers (Ragir 2000). In dry climates, such 
as the African savanna, most wild tubers contain chemical compounds such as invertase, 
amylase, and proteinase inhibitors which work as digestive inhibitors and prevent enzymatic 
breakdown of fats, sugars, starches, and proteins (Ragir 2000). These chemical compounds can 
be deactivated without cooking by crushing and soaking, fermenting, drying out, or consuming 
them with clay (Ragir 2000). The adoption of fire technology would have provided a less work 
intensive way of breaking down digestion-inhibiting plant toxins, work that most likely was done 
by females who would have had more limited access to meat than males, a behavior seen in 
modern chimpanzees, and so would have had to find alternative methods of subsistence to ensure 
they and their children received enough food (Ragir 2000). 
It is unlikely that all the meat consumed by early Homo and even Homo sapiens was the 
result of hunting. Scavenging, especially for earlier Homo, would have been an easier method for 
procuring meat as secondary consumers, after primary consumers had finished with a carcass 
(Sayers and Lovejoy 2014). The presence of hunting in chimpanzee subsistence suggests that 
29 
 
hunting small game has been a part of primary behavior for many millions of years. The 
development of scavenging larger prey however, may be a human adaptation allowing early 
hominins access to resources they would otherwise be unable to hunt themselves (Dominguez-
Rodrigo 2002). Notably, patterns in the archaeological record show that early humans broke 
open long bones from scavenged prey, a practice usually found in hyenas, indicates that 
scavenging may have been an adaptive response to increasing meat consumption (Dominguez-
Rodrigo 2002). The development of cooking would have increased the short term preservation 
for both scavenged and hunted meat. As meats, and some plants, begin to rot, the levels of 
bacteria present increase dramatically, as do the levels of toxins that are released by the bacteria 
or as a product of decomposition (Weiser et al. 1971). By cooking food prior to consumption, 
some bacteria may be killed and toxins denatured, thus lowering the risk of becoming ill (Weiser 
et al. 1971). Food borne illness, while usually mild in our modern world, can occasionally be 
severe enough to lead to death. Cooking scavenged meats prior to consumption can lower the 
risk of contracting a potentially deadly parasitic, bacterial, or viral infection.  
When food is cooked, early stages of both physical and chemical breakdown begin to 
occur even before the food is consumed. This pseudo pre-digestion allows for easier and more 
complete access to the calories and nutrients contained in foodstuffs. The application of heat to 
plant material works physically to break or soften tough outer shells and can burst open cell 
walls allowing for easier digestion of their contents (Wrangham et al. 1999). Heat works to 
denature the proteins found in meats and starches, making them more susceptible to enzymatic 
attack inside the digestive tract (Wrangham et al. 1999). Chemically, cooking works to modify 
the chemical structure of otherwise indigestible molecules and can break them down into 
smaller, more manageable sizes (Wrangham et al. 1999). The application of heat is also capable 
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of destroying certain toxins found in plants that may be harmful to an individual if consumed in 
an uncooked state (Wrangham et al. 1999). 
While cooking does breakdown the chemical and physical structures of food, microbes in 
the gut work to ferment consumed food particles, further breaking them down into particles that 
are more easily absorbed by the body. Until recently, analysis of human fecal matter was 
interpreted to mean that starches and proteins were fully digested by the digestive tract when 
consumed in a raw state; however, it is now understood that raw starch and proteins are only 
partially digested upon reaching the end of the small intestine, and are only broken down 
completely by being fermented and consumed by microbes in the colon where these nutrients 
cannot be absorbed by the body (Wrangham and Carmody 2010).  
 Humans’ biological adaptation to eat a majority of cooked food is apparent when looking 
at the health status of modern raw-foodists found in urban communities (Wrangham and 
Carmody 2010). Urban raw-foodists consume 100% uncooked foods, which greatly reduces their 
absorption of essential nutrients from starches and proteins by as much as 12-35% of starch and 
45-78% of animal protein (Wrangham and Carmody 2010). Among female raw-foodists, the rate 
of amenorrhea was 50%, even among those that consumed animal products, suggesting that diet 
alone is not to blame for the onset of amenorrhea (Wrangham and Carmody 2010). While the 
raw-food diet consists of equal caloric and nutritional value as a similar diet that has been 
cooked, the inability to digest and absorb adequate nutrition from the food makes it plain that 
modern humans are committed to consuming a majority of cooked food in order to maintain 
proper health and nutrition (Wrangham and Carmody 2010).  
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IMPACTS OF COOKING ON EVOLUTION 
The changing diet in early Homo species led researchers to develop the Expensive-Tissue 
Hypothesis. The human brain makes up 2% of the body’s mass, yet consumes around 20% of its 
daily energy requirements (Aiello and Wheeler 1995). Using Kleiber’s Law to estimate the 
metabolic rate of extinct species, namely that an animal’s metabolic rate is ¾ of its body mass, 
researchers can estimate the caloric requirements for species that can no longer be directly 
observed (Nunn and Barton 2000). Encephalized early humans and apes have very large brains 
relative to their body size in comparison to other mammals, but a basal metabolic rate near the 
overall average (Aiello and Wheeler 1995). This discrepancy suggests that while the brain 
consumes large amounts of energy, this has not created a corresponding increase in total energy 
needs (Aiello and Wheeler 1995). This explanation can be partially attributed to the increase in 
meat-consumption by early Homo species at around the same time that encephalization first 
began to appear in the fossil record (Aiello and Wheeler 1995).  
When using a brain size quotient, the modern human brain is nearly 5 times larger than 
the expected estimation for a mammal and uses 9 times more energy than average (Aiello and 
Wheeler 1995). These increased energy demands, while simultaneously maintaining an average 
metabolic rate, require humans and encephalized apes to alter their subsistence patterns in order 
to meet these nutritional demands. With the development of cooking by humans, less energy is 
required for the digestive system to breakdown and digest food. This has resulted in a decrease in 
gut size, which is a very energy expensive system, and the excess energy is now free to be 
redirected towards brain function and development (Aiello and Wheeler 1995). 
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Not only is the human brain much larger than those of contemporary great apes in 
comparison to body size, but the number of neurons found in the human brain is as much as three 
times greater than found in gorillas or orangutans, the next-largest-brained apes (Fonseca-
Azevedo and Herculano-Houzel 2012). Evolutionarily, maintaining both a large body and large 
brain is metabolically inefficient, since increasing both factors would cause an exponential 
increase in calories need to continue normal function (Fonseca-Azevedo and Herculano-Houzel 
2012). Caloric intake is highly dependent on several factors, including, but not limited to, time 
required to gather food, daily hours available for eating, food availability, time spent ingesting 
and chewing, which varies depending on food source, resource availability, and caloric value of 
the food resource (Fonseca-Azevedo and Herculano-Houzel 2012). When comparing the 
metabolic requirements for various species and the required feeding times necessary to meet 
those requirements, and assuming a raw food only diet, the metabolic needs of modern humans 
would require upwards of 10 hours of feeding per day, in comparison to the next largest great 
apes, gorillas and orangutans, which forage 8.5 and 7 hours, respectively (Fonseca-Azevedo and 
Herculano-Houzel 2012). By cooking food prior to consumption, humans and their ancestors 
have found a way to ingest the necessary calories and nutrients that they require metabolically in 
the most efficient manner, allowing for time to be spent on activities other than feeding during 
waking hours.  
On the physical level, by chewing food, the exposed surface area of the food particulates 
dramatically increases, enabling attack by digestive enzymes to work much more efficiently 
(Alexander 1999). Alexander (1999) compares this process to modern day mechanical 
engineering. Chewing involves crushing and grinding features which must take both selection 
functions (grinding rate) and breakage functions into account (Alexander 1999). Foods with a 
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higher breaking function require more intense crushing and grinding capabilities, resulting in 
larger dentition and masticatory systems. When food is cooked however, the physical bonds of 
the food are weakened, which decreases the breakage function, allowing the selection function to 
also decrease. The ability to efficiently chew food further aids in digestion by allowing the 
individual to create a compact bolus which, along with being easier to swallow, reduces the risk 
of accidental aspiration into the lungs (Alexander 1999). 
The recent “slicing hypothesis” puts forth that by using stone tools to slice meat into 
more manageable pieces, early humans were able to decrease the number of average chewing 
cycles per year by 13% and necessary masticatory force was reduced by a further 15% in a diet 
that consisted of one-third meat (Zink and Lieberman 2016). Beginning with H. erectus, the size 
of the posterior dentition is considerably smaller than in earlier members of Homo even though 
meat would have potentially made up a larger portion of the diet (Zink and Lieberman 2016). 
Chimpanzees reportedly spend between five and eleven hours chewing small animals (less than 4 
kg), and while this includes tissues not typically eaten by humans (hide, cartilage, sinew) the 
average masticatory system of H. erectus suggests that far less time would have been spent 
eating based on the size of teeth and muscle attachments (Zink and Lieberman 2016). Small 
stone tool flakes commonly found associated with the Lower Paleolithic would have been 
capable of slicing meat into small, bite size pieces, thus significantly decrease the necessary 
mechanical stress needed to physically process the meat (Zink and Lieberman 2016). This 
technique, if used in conjunction with cooking, would have further reduced the need for early 
humans to maintain large dentition and masticatory systems, slowing for these features to evolve 
to be much smaller over time. 
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CRANIOMETRICS 
 Anthropometrics in physical anthropology were used by researchers to quantify human 
physical variation, with measurements specific to the skull leading to the development of 
craniometric methods. Early craniometric studies focused heavily on the monogenist versus 
polygenist debate regarding the origin of the races of man (Gould 2006). Monogenists believed 
that there was a single origin from which all races arose at a later point in time, while polygenists 
believed each race came from a separate origin (Gould 2006). The publication of On the Origin 
of Species by Charles Darwin in 1859 allowed for early researchers to formulate a hierarchy of 
the races, using craniometrics to compare physical morphology of Europeans to the “less 
evolved” African, Asian, Native American, and female populations (Gould 2006). African 
groups, especially, fell under harsh comparison to apes, with comparisons of facial prognathism 
being used to justify their perceived savage demeanor and lack of intelligence (Gould 2006).  
 These early craniometric studies focused on statistical analysis, and assumed that 
comparisons between races would show clear-cut affinities for each racial type (Pinhasi and Von 
Cramon-Taubadel 2012). It is now understood that in human physical variation there is far 
greater variation between individuals within a shared group than there is between groups 
(Pinhasi and Von Cramon-Taubadel 2012). Menk in his 1981 study examining racial typology 
determined “…that cranial typology ceased to exist when one examines cranial morphology 
multivariately, as all "racial types" overlap in their multivariate dimensions indicating that the 
extent of intra-type variation by far exceeds inter-type difference.” (in Pinhasi and Von Cramon-
Taubadel 2012).  
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The supposed superiority of the white male race was further cemented in the societal 
belief system by the works of various researchers in the mid-1800’s, most notably by Paul Broca. 
Broca argued that the size of the human brain directly correlated to intelligence, with larger 
brains instilling greater intelligence in a given individual (Gould 2006; Memoir of Paul Broca 
1881).  
 The study of phrenology, a branch of craniometrics, became popular in both the scientific 
community as well as in the public during the 19th century (Riegel 1933). Phrenology worked to 
show that personality and behavior were directly influenced by the shape of the brain, as well as 
by the shape of the skull (Erickson 1977). The theory behind phrenology was that the retention 
of primitive traits in the brain that led to violent or deviant behavior or more evolved traits that 
influenced intelligence could be physically seen in both deceased and living people, allowing 
trained professionals to diagnose the personality of individuals in either a living or deceased state 
based on presence or absence of cranial features (Riegel 1933; Erickson 1977). Lombroso writes 
in 1870, 
“…the problem of the nature of the criminal- an atavistic being who reproduces in his 
person the ferocious instincts of primitive humanity and the inferior animals. Thus were 
explained anatomically the enormous jaws, high cheek bones, prominent supercilliary 
arches, solitary lines in the palms, extreme size of the orbits, handle-shaped ears found in 
criminals, savages, and apes, insensibility to pain, extremely acute sight, tattooing, 
excessive idleness, love of orgies, and the irresponsible craving of evil for its own 
sake…” (in Taylor et al. 1973, p. 41). 
 Modern work with craniometrics finds that the cranial capacity for all modern human 
races falls between 1300 and 1350 cc and is more highly influenced by environmental stimulus 
and microevolutionary processes than by intelligence (Strauss and Hubbe 2010). Craniometrics 
are used today to examine a wide variety of subjects and species, looking at population and 
species variation and evolution and can be useful for classifying new fossil species if genetic 
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testing is unavailable (Strauss and Hubbe 2010). The absence of DNA markers in specimens has 
also led to craniometrics being used to infer instances of microevolution in extant and extinct 
human populations and the determined ancestor/decedent relationships, thus allowing migration 
patterns to be recreated (Strauss and Hubbe 2010).  
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CHAPTER 3 
 MATERIALS 
Morphological comparisons for this study will be made possible in part by printing 3D 
models of hominin skulls recovered in Africa and comparing them to fossil casts (produced by 
Bone Clones, Inc.) and modern human skulls. The website AfricanFossils.org provides 3D scans 
of fossils currently housed in museums around the world that would otherwise be inaccessible 
for study. 
 Fossils for this study will include a mandible from a male P. boisei KNMR 3230 (Figure 
3.1) dated to 1.9 million years ago that was discovered in 1974 on the eastern shore of Lake 
Turkana (Smithsonian Institution 2015). A partial P. boisei cranium from individual KNMWT 
17400 (Figure 3.2) was printed so the facial structure could be examined. This sample represents 
a 1.77 million year old fossil of a female P. boisei that was discovered in West Turkana 
(Smithsonian Institution 2015). Fossil KNM-ER 406 (Figure 3.3) is a Bone Clone of a P. boisei 
cranium discovered in 1969 at Koobi Fora, Kenya and is dated to 1.7 million years old 
(Smithsonian Institution 2015). The final fossil representing P. boisei is a Bone Clone of the 
skull of an unknown individual (Figure 3.4).  
For H. habilis, cranium KNMER 1813 (Figure 3.5) dated to 1.9 million years ago will be 
represented by a Bone Clone cast of a skull discovered in 1973 in East Turkana (Smithsonian 
Institution 2015). A Bone Clone of H. habilis cranium OH 24 (Figure 3.6) will also be used. The 
cranium was discovered in 1968 at Olduvai Gorge in Tanzania and represents one of the most 
complete skulls found in the area as well as being the oldest, dating to 1.8 million years old 
(Smithsonian Institution 2015). 
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The cranium of H. erectus Sangiran 17 (Figure 3.7), dated to 1.3 to 1 million years old 
was discovered in 1969 in Java, Indonesia and is represented in the study as a Bone Clone 
(Smithsonian Institution 2015). The second H. erectus skull being used is a Bone Clone of 
D2700/D2735 (Figure 3.8) which consists of a cranium and mandible of an adolescent individual 
that were discovered at the Dmanisi site in Georgia in 2001 and dates to 1.8 million years old 
(Smithsonian Institution 2015). Individual KNM-WT 15000 (Figure 3.9), also known as Turkana 
Boy, is the Bone Clone skull of an adolescent H. ergaster that was discovered in Nariokotome, 
West Turkana, Kenya in 1984 and is dated to around 1.6 million years old (Smithsonian 
Institution 2015). The final individual representing H. erectus is KNM-ER 3733 (Figure 3.10) is 
a Bone Clone of a cranium of a probable female member of H. ergaster that was discovered in 
1975 at Koobi Fora, Kenya and is 1.8 million years old (Smithsonian Institution 2015).  
The Bone Clone of Kabwe 1 (Figure 3.11), discovered in 1921 in Kabwe, Zambia, is the 
fossil of an H. heidelbergensis cranium and is sometimes referred to as Rhodesian Man, and 
dates to 300,000 to 125,000 years old (Smithsonian Institution 2015). The Steinheim Skull 
(Figure 3.12) is a Bone Clone of an H. heidelbergensis cranium found near Steinheim, Germany 
in 1933 and is around 350,000 years old (Smithsonian Institution 2015). The Bodo skull (Figure 
3.13) is represented by a Bone Clone of a cranium that was discovered in the Middle Awash of 
Ethiopia in 1976 and has been dated to around 600,000 years old (Smithsonian Institution 2015). 
The last H. heidelbergensis individual examined is the Bone Clone of the Atapuerca 5 skull 
(Figure 3.14), which was discovered in Spain in 1992 and is between 500,000 and 350,000 years 
old (Smithsonian Institution 2015). The Neanderthal sample will consist of a Bone Clone cast of 
BH-019 (Figure 3.15), also known as La Ferassie 1, which was discovered in France in 1909 and 
is between 70,000 and 50,000 years old (Smithsonian Institution 2015). BH-009 (Figure 3.16) is 
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a Bone Clone of an H. neanderthalensis that was discovered in 1908 at La Chappelle-aux-Saints, 
France and is 50,000 years old (Smithsonian Institution 2015).  
 The last 3D printed fossil is the skull of an Early Modern Human. KNMR 5306 (Figure 
3.17) is 10,000 years old and was discovered in East Turkana in 1968 (Smithsonian Institution 
2015). BC-093 (Figure 3.18) is a Bone Clone skull of an Early Modern Human discovered in 
1998 along the Rhine River in Germany and dates to 30,000 to 10,000 years ago (Smithsonian 
Institution 2015). BH-017 (Figure 3.19) represents an Early Modern Human Bone Clone that 
was found in 1868 near Les-Eyzies, France and it dates to 32,000 to 30,000 years old 
(Smithsonian Institution 2015). An additional Bone Clone skull of an Early Modern Human will 
be used, though identification number and origin are unknown (Figure 3.20). All Bone Clones 
used for the study are a part of the teaching collection in the University of Montana’s Physical 
Anthropology lab.  
For the modern H. sapiens samples the human bone collection at the University of 
Montana was used to find a representative sample of individuals consisting of males and females 
in a range of overall size. The male skeletal samples consist of UMFC individuals 89 (Figure 
3.21), 150 (Figure 3.22), and 28 (Figure 3.25), which all include both craniums and mandibles. 
Female skeletal samples were represented by UMFC 103 (Figure 3.23) and 120 (Figure 3.24), 
both of which are complete skulls. Sex of the individuals was determined by a visual assessment 
of commonly used sexually dimorphic cranial and mandibular features (Bass 1971). 
While the use of Bone Clones is not ideal for a study such as this, the severely limited 
access to fossils and primary casts of fossils, means that any resources that could be procured 
were used for the study in lieu of having direct access to the original source materials.  
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Figure 3.1: P. boisei KNMR 3230, Individual 1 
 
Figure 3.2: P. boisei KNMWT 17400, Individual 2 
 
Figure 3.3: P. boisei KNM-ER 406, Individual 3 
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Figure 3.4: P. boisei Unknown Individual, Individual 4 
 
Figure 3.5: H. habilis KNMR 1813, Individual 5 
 
Figure 3.6: H. habilis OH 24, Individual 6 
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Figure 3.7: H. erectus Sangiran 17, Individual 7 
 
Figure 3.8: H. erectus D2700/D2735, Individual 8 
 
Figure 3.9: H. erectus KNM-WT 1500, Individual 9 
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Figure 3.10: H. erectus KNM-ER 3733, Individual 10 
 
Figure 3.11: H. heidelbergensis Kabwe 1, Individual 11 
 
Figure 3.12: H. heidelbergensis Steinheim Skull, Individual 12 
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Figure 3.13: H. heidelbergensis Bodo Skull, Individual 13 
 
Figure 3.14: H. heidelbergensis Atapuerca 5, Individual 14 
 
Figure 3.15: H. neanderthalensis BH-019, Individual 15 
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Figure 3.16: H. neanderthalensis BH-009, Individual 16 
 
Figure 3.17: Early Modern Human KNMR 5306, Individual 17 
 
Figure 3.18: Early Modern Human BC-093, Individual 18 
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Figure 3.19: Early Modern Human BH-017, Individual 19 
 
Figure 3.20: Early Modern Human Unknown Individual, Individual 20 
 
Figure 3.21: Modern H. sapiens UMFC 89, Individual 21 
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Figure 3.22: Modern H. sapiens UMFC 150, Individual 22 
 
Figure 3.23: Modern H. sapiens UMFC 103, Individual 23 
 
Figure 3.24: Modern H. sapiens UMFC 120, Individual 24 
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Figure 3.25: Modern H. sapiens UMFC 28, Individual 25 
 
Table 3.1: Individual Summary 
Individual Species ID Number 
1 P. boisei KNMR 3230 
2 P. boisei KNMWT 17400 
3 P. boisei KNM-ER 406 
4 P. boisei Unknown 
5 H. habilis KNMR 1813 
6 H. habilis OH 24 
7 H. erectus Sangiran 17 
8 H. erectus D2700-D2735 
9 H. erectus KNM-WT 1500 
10 H. erectus KNM-ER 3733 
11 H. heidelbergensis Kabwe 1 
12 H. heidelbergensis Steinheim Skull 
13 H. heidelbergensis Bodo Skull 
14 H. heidelbergensis Atapuerca 5 
15 H. neanderthalensis  BH-019 
16 H. neanderthalensis  BH-009 
17 Early Modern Human KNMR 5306 
18 Early Modern Human BC-093 
19 Early Modern Human BH-017 
20 Early Modern Human  Unknown 
21 Modern H. sapiens UMFC 89 
22 Modern H. sapiens UMFC 150 
23 Modern H. sapiens UMFC 103 
24 Modern H. sapiens UMFC 120 
25 Modern H. sapiens UMFC 28 
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CHAPTER 4 
METHODS 
Materials for individuals KNMWT 17400, KNMR 5306, and KNMR 3230 were printed 
using the 3D printer at the University of Montana’s Mansfield Library, which is a Makerbot 
Replicator Z18. The replicas were printed to size specifications found on AfricanFossils.org and 
were printed out of Bioplastic. 
Cranial measurements taken were glabello-occipital length (GOL), nasio-occipital length 
(NOL), basion-nasal length (BNL), basion-bregma height (BBH), maximum cranial breadth 
(XCB), maximum frontal breadth (XFB), bizygomatic breadth (ZYB), biauricular breadth 
(AUB), minimum frontal breadth (MFB), basion-prosthion length (BPL), nasion-prosthion 
height (NPH), nasal height (NLH), orbit height left (OBH), orbit height right (OBB), nasal 
breadth (NLB), palate breadth external (MAB), mastoid length (MDH), mastoid width (MDB), 
bimaxillary breadth (ZMB), bifrontal breadth (FMB), biorbital breadth (EKB), interorbital 
breadth (DKB), malar length inferior (IML), malar length superior (XML), cheek height 
(WMH), foramen magnum length (FOL), bregma-lambda chord (PAC), lambda-opisthion chord 
(OCC), and frontal chord (FRC) and were taken using spreading calipers or electronic sliding 
calipers (Howells 1974; Buikstra and Ubelaker 1994). 
 Mandibular measurements included chin height (GNI), height of mandibular body 
(HMF), breadth of mandibular body (TMF), bigonial width (GOG), bicondylar breadth (CDB), 
minimum ramus breadth (WRB), maximum ramus breadth (XRB), and maximum ramus height 
(XRH) measured using electronic sliding calipers (Howells 1974; Buikstra and Ubelaker 1994).  
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 Odontometrics were taken from both maxillary and mandibular dentition when available 
and included the first and second incisors, canines, third and fourth premolars, and the first and 
second molars of each individual. Tooth length measurements were taken from the points of 
contact with neighboring teeth in normal tooth position (Wolpoff 1971). Width measurements 
for each tooth were taken from the lingual/buccal or lingual/labial edges of all available teeth. 
Tooth height was determined by measuring from the cementoenamel junction (CEJ) to the top of 
the crown with the measurements being taken from the area showing the least attrition.  
 All 25 individuals were included for analysis of the skull measurements, which included 
craniometric data from both the crania and mandible together when available. The crania and 
mandibles were then analyzed separately and are termed cranium and mandible in the results, 
respectively. Odontometrics are termed as tooth in the results. Individual number 1 was removed 
prior to analysis for cranial measurements as there was no cranium available. For mandibular 
analysis individuals 2, 3, 4, 5, 6, 11, 12, and 13 were excluded due to lack of mandibles. During 
tooth size analysis individuals 3, 16, 19, and 23 were removed from the data due to complete 
tooth loss.  
All measurements were originally in Microsoft Excel format. PAST was used to perform 
Principle Component Analysis for the skull measurements, cranial measurements, mandibular 
measurements, and odontometrics separately (Hammer et al. 2001). Using Excel, averages for 
each individual’s measurements were found and then PAST was used to create Neighbor Joining 
dendrograms and UPGMA dendrograms for each data set using Euclidean distance.  
 In Excel the individuals’ data sets for teeth and all available cranial and mandibular 
measurements were coded according to whether cooking was utilized by the species. Species 
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coded as 1, for non-cooking, included P. boisei, H. habilis, and H. erectus. Species coded as 2, 
for cooking, were H. heidelbergensis, H. neanderthalensis, Early Modern Humans, and modern 
H. sapiens. H. erectus was placed in the non-cooking group because while the technique most 
likely originated with them, it was unlikely to have been used by all members of the species for 
the entire span of their existence making it doubtful that cooking created a profound effect on 
their individual evolution. The coded data was entered into SPSS 23 and Independent Sample T-
tests were run for each measurement variable (IBM Corp. 2015). 
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CHAPTER 5 
 RESULTS 
Figure 5.1 shows a Principle Component Scatterplot (PCA) of skull measurements. 
Figure 5.2 shows a UPGMA dendrogram of skull measurements and Figure 5.3 is a Neighbor 
Joining dendrogram rooted at the P. boisei outgroup for the skull. Figure 5.4 is a PCA scatterplot 
of cranial measurements, Figure 5.5 is a UPGMA dendrogram of cranial measurements, and 
Figure 5.6 is a Neighbor Joining dendrogram. Figure 5.7 is a PCA scatterplot for mandibular 
measurements, Figure 5.8 shows a mandibular UPGMA dendrogram, and Figure 5.9 is a 
mandibular Neighbor Joining dendrogram. Figure 5.10 is a PCA of odontometrics, Figure 5.11 
shows a tooth UPGMA, and Figure 5.12 is a tooth Neighbor Joining dendrogram.  
 
Figure 5.1: Skull PCA. Black dots are P. boisei, red + are H. habilis, blue squares are H. erectus, dark green X are 
H. heidelbergensis, turquoise triangles are H. neanderthalensis, purple circles are Early Modern Humans, and lime 
green diamonds are modern H. sapiens. 
1
2
3
4
5
6
7
8
9
10
11
12
3
14
15
16
17
18
19
20
21
2223
24
25
-480 -400 -320 -240 -160 -80 80 160
Component 1
-180
-150
-120
-90
-60
-30
30
60
C
o
m
p
o
n
e
n
t 
2
53 
 
Figure 5.1 is a PCA scatterplot of all 25 individuals’ skull data. Individuals 1 and 2, both 
P. boisei, are located in the far left quadrant of the graph indicating a large statistical difference 
in comparison to the other individuals. Individuals 3 and 4 however, also both P. boisei, are 
located much closer to members of other species, in contrast to the hypothesis. Both members of 
the H. habilis group, individuals 5 and 6, are found very close together indicating high levels of 
similarity. They are also found in relatively close proximity to several members of H. erectus 
and H. heidelbergensis. Individuals 7, 8, and 9, members of H. erectus, are all located midway 
between the non-cooking species of P. boisei and H. habilis and those species that were 
determined to exclusively utilize cooking, H. heidelbergensis, H. neanderthalensis, Early 
Modern Humans, and modern H. sapiens. All members of the Early Modern Humans and 
modern H. sapiens are closely clustered, with individual 15, H. neanderthalensis, and 14, H. 
heidelbergensis, also being included in the cluster. All other members of H. heidelbergensis are 
found near H. erectus members. The second H. neanderthalensis individual is found between the 
H. sapiens individuals and the majority of H. heidelbergensis though it is closer to the H. 
heidelbergensis group. 
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Figure 5.2: Skull UPGMA. Numbers 1-4 are P. boisei individuals, 5 and 6 are H. habilis, 7-10 are H. erectus, 11-13 
are H. heidelbergensis, 15 and 16 are H. neanderthalensis, 17-20 are Early Modern Humans, and 21-25 are modern 
H. sapiens. 
A similar pattern further illustrating this interpretation can be found upon examining 
Figure 5.2 which shows a UPGMA dendrogram of the skull data. In the figure, individuals 1 and 
2, both P. boisei, are grouped together as outliers with a distance of half the chart separating 
them from the next grouping of individuals which consists of both H. habilis individuals and 
three of four members of H. erectus indicating that there is considerable difference between 
Paranthropus and the earliest members of Homo. Similar to the PCA scatterplot H. 
neanderthalensis and both Early Modern Humans and modern H. sapiens originate from a 
branch of H. heidelbergensis which is consistent with current theories on the species’ 
evolutionary paths. 
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Figure 5.3: Skull Neighbor Joining. Numbers 1-4 are P. boisei individuals, 5 and 6 are H. habilis, 7-10 are H. 
erectus, 11-13 are H. heidelbergensis, 15 and 16 are H. neanderthalensis, 17-20 are Early Modern Humans, and 21-
25 are modern H. sapiens. 
 The Neighbor Joining dendrogram found in Figure 5.3 shows a similar pattern to the 
UPGMA interpretation of the skull data.   One particular difference however is in the 
arrangement of the branching between species where the Neighbor Joining shows more of a 
progression from one species to the other. Both the UPGMA and Neighbor Joining dendrograms 
show consistent species grouping towards the oldest and youngest populations with less clear 
results found within the H. erectus, H. heidelbergensis, and H. neanderthalensis groups. 
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Figure 5.4: Cranium PCA. Black dots are P. boisei, red + are H. habilis, blue squares are H. erectus, dark green X 
are H. heidelbergensis, turquoise triangles are H. neanderthalensis, purple circles are Early Modern Humans, and 
lime green diamonds are modern H. sapiens. 
By looking at how the cranium and mandible may have been independently affected by 
cooking we can see which areas of the skull underwent the largest amount of change.  Figure 5.4 
represents a PCA scatterplot of the cranial data, shows how interpretation of the results using 
only the cranium varies significantly from the results of the entire skull. Individual 2, P. boisei, is 
distanced the furthest from any other individual, including the two other P. boisei members, 3 
and 4, which are located very close to the main cluster consisting of mainly H. heidelbergensis, 
Early Modern Humans, and modern H. sapiens. Individuals 7, 8, and 9 are found closest to the 
members of H. habilis suggesting that their cranial morphology is more similar to the earliest 
Homo member than to the later species. 
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Figure 5.5: Cranium UPGMA. Numbers 1-4 are P. boisei individuals, 5 and 6 are H. habilis, 7-10 are H. erectus, 11-
13 are H. heidelbergensis, 15 and 16 are H. neanderthalensis, 17-20 are Early Modern Humans, and 21-25 are 
modern H. sapiens. 
The UPGMA dendrogram found in Figure 5.5 shows a similar pattern to the PCA 
scatterplot with Individual 2 acting as an outgroup and H. habilis and H. erectus presenting 
statistical similarity. H. heidelbergensis, H. neanderthalensis, Early Modern Humans, and 
modern H. sapiens are all separated by statistically minimal distance indicating a high degree of 
similarity. The UPGMA analysis offers further support to the theory that a possible driver in the 
evolution of early humans was at least partially the result of the development of cooking. This 
assumption is supported when one considers that the species presented show a tendency to 
arrange themselves into one of two groups that were previously discussed, namely, cooking and 
non-cooking. Species designated earlier as belonging to the non-cooking/partial cooking group, 
including P. boisei, H. habilis, and H. erectus are consistently grouped together while species 
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designated as cooking, H. heidelbergensis, H. neanderthalensis, Early Modern Humans, and 
modern H. sapiens are grouped into a much tighter formation. 
Figure 5.6: Cranium Neighbor Joining. Numbers 1-4 are P. boisei individuals, 5 and 6 are H. habilis, 7-10 are H. 
erectus, 11-13 are H. heidelbergensis, 15 and 16 are H. neanderthalensis, 17-20 are Early Modern Humans, and 21-
25 are modern H. sapiens. 
The Neighbor Joining dendrogram for cranial analysis found in Figure 5.6 further 
illustrates this point. Members of H. habilis are grouped closely with multiple individuals from 
H. erectus which is an expected outcome since both groups participated in non-cooking food 
preparation. Individual 10 is closely associated with members if H. heidelbergensis and H. 
neanderthalensis suggesting a similar level of morphological similarity between the species 
which further suggests similar habits regarding food preparation. 
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Figure 5.7: Mandible PCA. Black dots are P. boisei, red + are H. habilis, blue squares are H. erectus, dark green X 
are H. heidelbergensis, turquoise triangles are H. neanderthalensis, purple circles are Early Modern Humans, and 
lime green diamonds are modern H. sapiens. 
The mandibular PCA scatterplot in Figure 5.7 shows a tight cluster of Early Modern 
Humans and modern H. sapiens, the sole H. heidelbergensis individual represented in this 
analysis, H. neanderthalensis individual 15, and two of the three H. erectus members. 
Individuals 8 and 16 are found far outside the range of the main cluster, along with individual 1, 
which as it is a member of P. boisei, is expected. Individual 4 however, which is also P. boisei, is 
located very close to the central group, suggesting a high degree of similarity, which is 
unexpected due to P. boisei ‘s high degree of dissimilarity between it and members of genus 
Homo. 
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Figure 5.8: Mandible UPGMA. Numbers 1-4 are P. boisei individuals, 5 and 6 are H. habilis, 7-10 are H. erectus, 
11-13 are H. heidelbergensis, 15 and 16 are H. neanderthalensis, 17-20 are Early Modern Humans, and 21-25 are 
modern H. sapiens. 
The mandibular UPGMA dendrogram found in Figure 5.8 shows rough clustering similar 
to that found in the skull and cranial analyses, though overall the results are less conclusive. 
Without the addition of H. habilis, due to lack of mandibles, there appears to be a looser 
clustering of the two groups. Individuals 1, 8, and 16 are a prime example of this as it should be 
unlikely that a member of P. boisei would be similar to either H. erectus or H. neanderthalensis. 
Members of Early Modern Humans and modern H. sapiens are grouped closely together as 
expected, though individual 21, a modern H. sapiens, is grouped with non-cooking individuals 
rather than with cooking species. 
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Figure 5.9: Mandible Neighbor Joining. Numbers 1-4 are P. boisei individuals, 5 and 6 are H. habilis, 7-10 are H. 
erectus, 11-13 are H. heidelbergensis, 15 and 16 are H. neanderthalensis, 17-20 are Early Modern Humans, and 21-
25 are modern H. sapiens. 
The mandibular Neighbor Joining dendrogram found in Figure 5.9 is further supportive 
of the hypothesis. The majority of non-cooking individuals are found grouped loosely together 
while cooking individuals are more tightly clustered. Individual 21 is again found with the non-
cooking individuals suggesting a more primitive mandibular morphology. Individual 4, the P. 
boisei of unknown origin, is shown to be statistically most similar to cooking species which is a 
consistent pattern in all the data. 
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Figure 5.10: Tooth PCA. Black dots are P. boisei, red + are H. habilis, blue squares are H. erectus, dark green X are 
H. heidelbergensis, turquoise triangles are H. neanderthalensis, purple circles are Early Modern Humans, and lime 
green diamonds are modern H. sapiens. 
Results for odontometric analysis in Figure 5.10 show considerable overlap between 
members of Early Modern Humans, modern H. sapiens, and H. erectus which is consistent with 
the expected interpretation. H. sapiens and H. erectus both share the primitive morphology of 
molar shape. The development and high frequency of the taurodont molar in H. neanderthalensis 
would place them outside the cluster of similarity shared by H. sapiens and H. erectus. Members 
of P. boisei are found around the perimeter of the PCA scatterplot, which is consistent with their 
raw, strictly herbivorous diet. The raw diet of H. habilis also places them outside the range of 
cooking species. 
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Figure 5.11: Tooth UPGMA. Numbers 1-4 are P. boisei individuals, 5 and 6 are H. habilis, 7-10 are H. erectus, 11-
13 are H. heidelbergensis, 15 and 16 are H. neanderthalensis, 17-20 are Early Modern Humans, and 21-25 are 
modern H. sapiens. 
The UPGMA dendrogram in Figure 5.11 illustrates a similar pattern as the PCA with 
individuals from H. sapiens being found clustered with H. erectus. Interestingly, in both the PCA 
and UPGMA analysis, H. heidelbergensis is clustered much more closely with non-cooking 
populations, suggesting a difference in odontometrics more similar to the primitive species. 
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Figure 5.12: Tooth Neighbor Joining. Numbers 1-4 are P. boisei individuals, 5 and 6 are H. habilis, 7-10 are H. 
erectus, 11-13 are H. heidelbergensis, 15 and 16 are H. neanderthalensis, 17-20 are Early Modern Humans, and 21-
25 are modern H. sapiens. 
Figure 5.12 shows the Neighbor Joining analysis of the teeth, with clustering being 
consistent with the PCA and UPGMA. However, Individual 15, H. neanderthalensis, is situated 
between the two groups, suggesting traits that may be representative of both cooking and non-
cooking, as well as possibly having traits of neither since the taurodont molar is found only in 
Neanderthals. 
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Tables 5.1 shows Independent Sample T-tests for GOL, NOL, BBH, XCB, XFB, MFB, 
ZYB, AUB, OBH, IML, WMH, FOL, FRC, OCC, XRB, LCL, U2PL, L1PL, U2ML, L2ML, and 
L1MH that support the hypothesis. 
Table 5.1: Craniometric and Odontometric Independent Sample T-test results 
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Table 5.2: Craniometric T-test Significance Summary 
 
 
 
 
 
 
 
 
 
 
 
Table 5.3: Odontometric T-test Significance Summary 
Measurement 
Significance 
Value 
LCL 0.025 
U2PL 0.012 
L1PL 0.025 
U2ML 0.037 
L2ML 0.048 
L1MH 0.006 
 
 Independent Sample T-tests with a significance value below 0.05 were used to determine 
whether the mean between species that participated in cooking versus those that did not were 
equal. Values below 0.05 indicate an unequal mean, thus supporting the hypothesis that cooking 
was a contributing factor to morphological differences between the two groups. 
 
Measurement 
Significance 
Value 
GOL 0.011 
NOL 0.006 
BBH 0 
XCB 0 
XFB 0.001 
MFB 0 
ZYB 0.023 
AUB 0.048 
OBH 0.034 
IML 0.05 
WMH 0.024 
FOL 0.018 
FRC 0.001 
OCC 0.001 
XRB 0.017 
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CHAPTER 6 
DISCUSSION 
DISCUSSION INTRODUCTION 
 The discussion of the results in this chapter seeks to examine how the skull morphology 
of early Homo species was influenced by the human development of cooking. The statistical 
results presented theorize that as cooking became more pervasive in the human genus, humans 
began to develop a skeletal morphology similar to that of modern day H. sapiens in response to 
changes to the physical and chemical structure of food. The importance of cooking and its 
influence on each species will be examined along with changes to diet in order to determine 
whether cooking was a catalyst for morphological changes. 
EVALUATION OF FINDINGS 
 The Skull PCA scatterplot in Figure 5.1 shows a clear progression from non-cooking 
species to those that cooked, moving in a relatively chronological order which supports the 
hypothesis that cooking acted as a catalyst of evolution since diet has been previously ruled out 
for the genus, in that all members of Homo were determined to be omnivorous. 
 Figure 5.3 shows similar patterns to those found in Figure 5.2. The Neighbor Joining 
dendrogram found in Figure 5.3 shows a relatively clear progression from the oldest species to 
the youngest, as does the UPGMA found in Figure 5.2. Both dendrograms show a mixing of H. 
erectus, H. heidelbergensis, and H. neanderthalensis. This mixing of species represented during 
this time period in the dendrogram could be explained by the rapid shift in early humans from 
non-cooking lifestyles toward exclusive cooking of the majority of foods. As examined earlier, 
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H. erectus was likely the founding species of cooking as we know it today though not all 
populations of the species would have adopted the technology at the same time (Beaumont 2011; 
Zhong et al. 2014). This adoption rate causes changes in diet to form a pattern of adoption that 
likely spread from a single location, causing a similar pattern in the evolution to occur within the 
species. The unequal evolution, while moving toward a common form, would have created 
differing populations in later species that would be reflected in their morphology. During the 
statistical analysis these morphological similarities could lead to inconsistent grouping that 
suggests statistical similarity between different species.    
 Individuals 16 (H. neanderthalensis) and 17 (Early Modern Humans) are both found 
consistently outside the central group in Figure 5.4, perhaps indicating the retention of a more 
primitive morphology. The close clustering of all other members of Early Modern Humans, H. 
heidelbergensis, H. neanderthalensis, and modern H. sapiens suggests that sometime between 
the divergence of H. erectus and H. heidelbergensis, cranial morphology in early humans 
became relatively standardized and changed little as speciation continued.    
 When examining the cranium separately from the mandible, the most obvious area of 
morphological change to consider is brain size. P. boisei undoubtedly had the smallest brain of 
the species used in this study when taking into account the brain to body size ratio. Increasing 
brain size cannot be used to justify all statistical differences though, considering that members of 
H. erectus neared the brain size of modern humans with a maximum brain capacity of 1,200 cc 
and members of H. neanderthalensis generally surpassed the H. sapiens maximum of 1,400 cc 
with a brain size of around 1,500 cc (Anton 2003; Castro et al. 1997). Specific measurements 
affecting brain size that were found to be statistically relevant were those of GOL, NOL, BBH, 
XCB, XFB, FOL, FRC, and OCC which are all located on the brain case. Independent Sample T-
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tests comparing non-cooking species with cooking species found these data points all have a 
significance (2-tailed) value below 0.05 which supports the hypothesis that the means of both 
groups are statistically different, thus supporting the hypothesis that there is a significant 
differences between cooking and non-cooking species in regards to brain size.  
 Along with the T-tests that concerned cranial capacity, there were four facial 
measurements related to mastication and chewing mechanics that were shown to be statistically 
significant. Measurements for MFB, ZYB, IML, and WMH reflect skeletal landmarks that are 
essential to the masseter muscles and temporalis muscles which are the primary drivers of 
mastication (Pessa and Rohrich 2012). Species that require more developed masticatory 
complexes must have larger and more developed muscles used for chewing, thus requiring larger 
attachment points on the skeleton. MFB, the minimum frontal breadth, serves as a section for the 
origin of the temporalis while the insertion is found on the coronoid process of the mandible 
(Pessa and Rohrich 2012). The narrower frontal breadth found in earlier species is undoubtedly 
connected to smaller brain size, however the narrower breadth also provides a more developed 
attachment site for larger muscles needed to chew unprocessed foods. Between the two points of 
articulation the temporalis passes through the zygomatic arch (Pessa and Rohrich 2012). The 
larger the temporalis muscle, the larger the ZYB, bizygomatic breadth, must be to accommodate 
it.   
 The IML, inferior malar length, and WMH, cheek height, are skeletal features influenced 
by the origin site of the outer masseter muscle which articulates to the inferior border of the 
zygomatics (Pessa and Rohrich 2012). Similar to the temporalis, a more strenuous masticatory 
complex will force the muscles to be more developed in the area of need, forcing a response 
from the bones to which the muscles attach. The masseter is the key muscle used in the closing 
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of the jaw and is assisted by the temporalis and medial and lateral pterygoids (Pessa and Rohrich 
2012). When food undergoes the process of cooking, both chemical and physical bonds are 
weakened making its structure more vulnerable to physical breakdown by chewing as well as 
more vulnerable to enzymatic attack. By making food less strenuous to process, the muscles 
responsible for chewing no longer need to be developed to a level meant to deal with tough, 
fibrous plants or animal parts allowing them to reach a much smaller maximum potential in 
modern populations than was typically found in earlier species.  
 Interpretation of the mandibular data proved less conclusive than that from the skull and 
cranium. Eight individuals were removed from the analysis due to a lack of a mandible. These 
individuals, 2, 3, 5, 6, 7, 11, 12, and 13 comprise members from each pre H. sapiens group and 
completely eliminates H. habilis from mandibular analysis. By removing an entire species from 
the data set, the analyses are not utilizing a consistent set of species, meaning there will likely be 
some differences between the mandibular analysis and the other data set results.  
   Independent Sample T-tests were run for all mandibular measurements as they were for 
cranial. The only measurement found to support the hypothesis that the means between the 
groups were not equal, was for the XRB, maximum ramus breadth, which can be seen in Table 
5.1. The ramus is the vertical portion of the mandible and provides the platform for articulation 
with the cranium and attachment points for several muscles that are utilized during chewing 
(Pessa and Rohrich 2012). As muscles used for mastication change with the increase and 
decrease of use over time during evolution, the attachment sites on the bones must change with 
them. As discussed earlier, larger muscles require larger attachment points and, in the case of the 
mandible, more surface area. The temporalis and masseter muscles attach to the mandible over 
large surface areas. As the muscles shrink in mass with a decreased emphasis on chewing, they 
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no longer require the same amount of surface area to attach to, allowing the width of the bone to 
decrease.  
 The craniometric measurements that showed values determined to be not of statistical 
value included BNL, ZYB, AUB, BPL, NLH, OBB, NLB, MAB, MDH, MDB, ZMB, FMB, 
EKB, DKB, XML, FOB, PAC, GNI, HMF, TMF, GOG, CDB, WRB, XRH, MLN, and NPH. 
The Independent Sample T-tests comparing the cooking and non-cooking groups determined that 
the difference between the two groups for each value supported that the means were equal. Equal 
means between the two groups determines that cooking was not a factor influencing variation 
between the groups. Many of the cranial measurements that were determined to be statistically 
insignificant are those measuring areas near the orbits and nasal apertures (BNL, NLH, OBB, 
NLB, FMB, EKB, DKB, and NPH), suggesting that cooking had very little influence on 
morphological changes to these areas. The mandibular measurements determined to be 
insignificant to this study (GNI, HMF, TMF, GOG, CDB, WRB, XRH, and MLN) are those 
largely associated with the development of the chin (solely found in H. sapiens) or can be 
attributed to general mandibular robustness. Robust species that participated in cooking included 
H. heidelbergensis, H. neanderthalensis, and to an extent, Early Modern Humans, so the overall 
size of the mandibular ramus and mandibular body may be more closely associated with the 
dramatic decrease in robustness that is seen in the emergence of modern H. sapiens.  
 Independent Sample T-tests were run on all tooth measurements taken. Of those that 
support the hypothesis, five out of the six were measurements of tooth length, while the last was 
a measurement of height. The measurements for length were from the lower canine, upper fourth 
premolar, lower third premolar, upper second molar, and lower second molar (Table 5.1). The 
measurement for height comes from the lower first molar (Table 5.1). Changes to tooth length, 
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measured as the distance between the points of contact with teeth on either side, can affect size 
and shape of the jaw in a variety of ways. Larger teeth will have more substantial roots that 
require both a wider and taller mandibular body in order to provide an adequate anchoring point 
for the teeth. Longer teeth will require that the jaw project further to accommodate them, leading 
to increased prognathism. This phenomenon can be seen when examining the mandible and 
maxillae of P. boisei which has proportionately very large dentition. To prevent crowding the 
jaws of P. boisei project forward from the face causing the face to appear dish like, as the nasal 
bones do not project, giving the face a flat profile.  
A large proportion of the individuals used for the study showed high levels of dental 
attrition, especially of the molars. Attrition variations are highly diet dependent and a baseline 
for a specific population must be established before attrition can be evaluated between 
individuals. Further, since diet varies significantly between populations, even across short 
distances and times, population attrition levels should not be used to evaluate unrelated 
individuals. Taking this into consideration, it was determined that the T-test for the lower first 
molar height (Table 5.1) should be disregarded as being of statistical significance due to multiple 
individuals from every represented species showing moderate to severe levels of attrition.  
UNEXPECTED FINDINGS 
  During the course of analysis there were several instances of data that were inconsistent 
with the expected findings. During the PCA and dendrogram skull analyses individuals 3 and 4, 
both P. boisei, were located in much closer proximity to members of species that processed food 
via cooking rather than being grouped closer to the non-cooking individuals. Individual 4 in 
particular was located very near the cluster of mostly H. sapiens individuals that exclusively 
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cooked food. A similar pattern was found when examining the cranial PCA and dendrogram 
analyses but with individuals 3 and 4 being found much closer together and near the cluster of 
cooking individuals. The mandibular analysis, which did not include individual 3, showed 
similar unexpected results as with the skull and crania pertaining to individual 4. Individual 4 
was once again located near the central cluster of cooking individuals rather than being nearer to 
the other P. boisei individual that was included in the mandibular measurements. Individual 4 
was the unidentified P. boisei, with origin being unknown. The portions of the skull that were 
directly cast from the fossil remains make up only a small fraction of the final cast, with the 
remaining blank space being modeled on a best guess interpretation. The data inconsistencies 
may be the result of a poorly reconstructed final product or could be the result of observer error. 
  Tooth analysis proved to be less informative than initially hoped. Results for the tooth 
data was more spread out than anticipated suggesting that changes to tooth morphology were not 
as extreme as hypothesized. The results showed that rather than the clustering of species based 
on cooking or non-cooking practices, individuals were spread relatively evenly suggesting that 
the majority of differences between teeth were at the individual level, rather than at the species 
level.  This further suggests that with the emergence of the genus Homo there has been little 
change to the morphology of the teeth even as various species continued to evolve. 
 P. boisei individuals consistently showed little conformation to expected patterns. This 
may be the result of P. boisei undergoing very different adaptation processes than those 
experienced by Homo. The variable effects of environment and diet between robust 
Australopithecines and early humans altered the controlling forces that governed the evolution of 
the crania, dentition, and physiology, creating drastically different evolutionary paths for the 
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robust australopithecines that may not be comparable to that of Homo. Regardless, P. boisei still 
represents a reasonable outgroup for the study.  
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CHAPTER 7 
CONCLUSION 
Results of the statistical analysis of the skull, cranium, and mandible support the 
hypothesis, showing grouping consistent with a morphological division between species that 
participated in cooking versus those that did not. This was further supported by Independent 
Sample T-tests which showed high degrees of difference between species determined to be 
precooking and those that postdate the advent of cooking, at the muscle attachment sites that 
support the facial muscles responsible for mastication. Analysis of odontometrics proved less 
conclusive and instead suggests that tooth size is more dependent on individual variation than 
species level differences in later members of Homo.  
SUMMARY 
 The purpose of this paper was to determine whether or not the development of cooking in 
the genus Homo beginning with H. erectus had an effect on the skull morphology of later 
species. It was hypothesized that there would be a correlation between the emergence of the 
development of cooking techniques and a morphological shift away from the more archaic 
features of early Homo species towards the more gracile form of modern humans. The 
hypothesis was tested by collecting craniometric data from a total of 25 individuals from the 
species of P. boisei, H. habilis, H. erectus, H. heidelbergensis, H. neanderthalensis, Early 
Modern Humans, and modern H. sapiens. Skulls for the study were obtained from either the 
Physical Anthropology lab of the University of Montana or were printed using the 3D printer 
located in the Mike and Maureen Mansfield Library at the University of Montana.  
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 While this theory has been posited by several researchers before in the form of the 
Expensive Tissue Hypothesis and other works, no studies were found that utilized craniometrics 
to test the theory (McHenry and Coffing 2000; Aiello and Wheeler 1995; Wrangham et al. 
1999). Statistical analysis in the form of Principle Component Analysis, UPGMA dendrograms, 
Neighbor Joining dendrograms, and Independent Sample T-tests were performed on the collected 
data of measurements for the skull, cranium, mandible, and teeth, a total of 79 measurements per 
individual, to test for validity of the theory.  Measurements taken were sourced from the Howells 
data set as well as from Standards for Data Collection from Human Skeletal Remains (Howells 
1974; Buikstra and Ubelaker 1994).   
RESEARCH LIMITATIONS 
 There are several factors that may have had an impact on the validity of this research. 
The first is the relatively small number of individuals that were used to represent each species. 
The limited number of individuals used makes this study more qualitative than quantitative and 
limits the ability to make generalized statements regarding the evolution of humans. Access to 
individuals was limited by two factors; the first being that there are very few fossils of each of 
the species used in this study that are whole enough to be of use when examining craniometrics. 
The second is that access to these fossils is severely limited, forcing the researcher to rely on 
casts already present at the University of Montana or access to 3D scans online, which are 
difficult to locate. The use of Bone Clones in this type of study is generally not recommended by 
the company, however, the outside features of the skull are accurate to within 0.5 percent which 
the researcher determined to be an acceptable range of error. 
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 The second limitation to this study relates to the 3D printing of materials. The fossils that 
were printed for this study were printed to specifications of size found on AfricanFossils.org. 
When the fossil of KNMR 1813 (H. habilis) was printed, the model was compared to a cast of 
the same individual in the Physical Anthropology lab and it was discovered that the 3D model 
was slightly larger than the cast, even though it had been printed to the given size specifications. 
For this reason, the cast was used in the study rather than the 3D model. However, this instance 
may call into question whether or not the measurements provided on AfricanFossils.org were 
accurate of the actual fossils and thus if the remaining 3 individuals that were 3D printed 
(KNMR 3230, KNMWT 17400, and KNMR 5306) were sized correctly.  
 The final limitation to the study is that of observer error. Each individual was measured 
by hand by one observer, meaning measurements were not validated by a second person. By not 
replicating the measurements with a second individual, it is more likely that accurate 
measurements were not taken. This can be especially true when certain landmarks, such as 
cranial sutures, are obliterated or not recorded on casts of unfamiliar species making specific 
measurements more difficult. However, the fact that the researcher has done craniometric 
measurements on early humans and modern primates previously, the likelihood of error is 
somewhat decreased.  
FUTURE RESEARCH 
 If research is to continue in this area of study, there are several requirements that must 
first be met. The first is that researchers create a network through which to share new discoveries 
and ideas. The concept of new discoveries pertains not only to new conclusions drawn from old 
materials but also availability of access to newly discovered fossils. While new discoveries of 
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individuals of a known species expand our knowledge of evolutionary history, it is also vital that 
new species, such as the recently discovered Homo naledi, are able to be recognized and placed 
as accurately as possible in our evolutionary tree (Berger et. al 2015). By adding the discoveries 
of new individuals to studies like this, researchers can work to create a more quantitative rather 
than qualitative analysis and move toward making better, more accurate generalizations on how 
the practice of cooking began and spread through time.  
 The further development of 3D printing technologies will continue to serve as a boon to 
areas of research like this one. Giving access to fossils to companies such as Bone Clones will 
help create more accurate casts and models that may one day be mass produced and suitable for 
more intensive metricanalyses. By making 3D printers more readily available to the public and 
educational institutions, access to fossils for teaching purposes will become easier and cheaper 
for all levels of learning. The ability to introduce anthropology and early human fossils to 
students at an early age will serve to inspire them to continue learning about the field as their 
educational journey continues. Anthropology is currently an underserved field of study in 
today’s early educational system and few students are introduced to the subject before college.  
FINAL CONCLUSIONS 
 Future research should incorporate new and existing discoveries by making 3D scans 
available to a wider range of researchers through communal sharing projects. This will increase 
the accuracy for studies such as this one and allow for more precise classification of cooking and 
non-cooking for new species as well as in populations that existed during the transitional period 
for the developing technology. By better understanding how cooking has influenced our past, we 
can work towards understanding how it will continue to change our future.  
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